INTRODUCTION
ing the completion of the Lesotho Highlands Water Scheme, although so far this has not happened ( Fig.  1) . Currently 39 blackfly species are known to occur in southern Africa (Palmer 1997; Palmer & De Moor 1998) . These include five members of the genus Paracnephia and 34 Simulium species (Palmer 1997) . The latter genus includes the mammalian pests Simulium chutteri and Simulium damnosum sensu latu and the avian pest species Simulium adersi and Simulium nigritarse sensu latu.
The ARC-Onderstepoort Veterinary Institute (ARC-OVI) has been involved in the development and implementation of blackfly control programmes for more than three decades. In this paper, the advances made towards the control of blackflies in South Africa are reviewed, the medical, veterinary and economic importance of the pest is outlined and current and future blackfly research by the ARC-OVI is discussed.
Medical, veterinary and economic importance of blackflies
In addition to feeding on sugar, which is used as a fuel for flight (Hocking 1953; Davies, Peterson & Wood 1962; Hunter 1977; Sutcliffe 1986 ), anautogenous adult female blackflies also require a blood meal (Welton, Bass, Ladle & Merritt 1987; Palmer 1997; Gibson & Torr 1999) for ovarian development (Davies & Peterson 1956; Peterson 1959; Crosskey 1990) . Because of their blood-feeding activity they are considered ideal disease vectors (Crosskey 1990) and are probably best known for transmitting the filarial nematode Onchocerca volvulus to humans (Nelson 1991; Davies 1994; Hougard, Yaméogo, Sékétéli, Boatin & Dadzie 1997; Gibson & Torr 1999) . The resulting disease known as onchocercosis or "river blindness" has left more than 20 million people infected and millions blind in West Africa and South America 308 Review of blackfly (Diptera: Simuliidae) control in South Africa Hougard et al. 1997; Molyneux & Davies, 1997) . Furthermore, in humans, the bites of some blackfly species can cause allergic reactions known as "blackfly fever" or simuliotoxicosis (Crosskey 1990; Palmer 1997 ). This condition is characterized by swelling, itching, haemorrhage and oedema (De Villiers 1987) which, in severe cases, requires medical attention (Mason & Schemanschuk 1990 ).
FIG. 1 Known blackfly problem areas in South Africa
In animals, blackflies have been implicated in the spread of leucocytozoonosis (Anderson & Voskuil 1963; Crosskey 1993) , bovine onchocercosis, (Crosskey 1990; Hadi & Takaoka 1995) , the cytoplasmic polyhedrosis virus, the iridescent virus, vesicular stomatitis virus (Bernardo & Cupp 1986; Bridges, McCluskey, Salman, Hurd & Dick 1997; Maré 1998) , avian trypanosomes (Crosskey 1993) , myxomatosis (Williams & Williams 1966; Kettle 1984) and Dirofilaria species (Simmons, Edman & Bennett 1989 ). It has also been shown that allergic reactions to blackfly bites, similar to that described in humans, can lead to the death of cattle (Mason & Schemanschuk 1990) . In South Africa, simuliids have been implicated in the spread of two pathogens to animals namely a Chlamydophila (previously Chlamydia) sp., that causes blindness in sheep and abortion in cattle (De Moor 1982a) , and Rift Valley Fever virus. Mechanical transmission of this virus, by S. chutteri, may have contributed to the major Rift Valley Fever outbreak between Prieska and Groblershoop in 1975 (McIntosh, Jupp, Dos Santos & Barnard 1980) . Blackflies readily attack exposed parts of the bodies of livestock, such as the eyes, ears and teats (Anderson & Voskuil 1963) , and the resulting wounds are prone to secondary infections which sometimes lead to the death of animals (Palmer 1997) . Blackflies also cause considerable irritation (annoyance) to livestock (Anderson & Voskuil 1963; Crosskey 1990; Kok, Fourie & Oberem 1994) . In South Africa, sheep under attack from blackflies will bundle together and hide their heads underneath each other. During these periods the sheep do not feed or mate, and this results in loss of mass and a reduction in lambing percentage (Palmer 1997) . In southern New Zealand and Canada the irritation value alone of the pest is high enough to have it classified as the most significant insect pest in these areas (Gibson & Torr 1999) . According to Edman & Simmons (1985) the annoyance of haematophagous Simulium species can be severe enough to warrant large-scale control operations. Blackfly annoyance also leads to economic losses through reduced efficiency of agricultural and industrial workers, interference in recreation, and reduced real estate values (Mason & Shemanschuk 1990) .
Although there are numerous reports of blackfly epidemics in South Africa, only Steenkamp (1972) has made a detailed study of the economic impact of the pest. He reported physical destruction of the teats of some cows and a reduction in milk production of up to 35 kg milk per week per cow (30-50 % reduction). In poultry he found a 10-15 % reduction in egg production. Other reports confirm that cows can loose their udders and sheep their ears as a result of secondary infections that develop because of blackfly wounds (De Moor 1986) . During a more recent, though smaller-scale survey along the Vaal River, farmers reported that blackflies killed lambs, caused losses of 60% in total farm stock production and reduced milk production by as much as 55 l per cow per week (O'Keeffe 1985) . In 1996 the Northern Cape Agricultural Union estimated that blackflies, if left uncontrolled, can cause potential losses of more than R88 million per annum to the stock industry along the Orange River (Palmer 1997 ). This figure is based on a 25 % reduction in lamb production and excludes other figures such as land depreciation and tax losses to the State.
Today S. chutteri is considered to be the most important blackfly pest species in South Africa. This species occurs along the Orange, Vaal and Great Fish Rivers, and, to a lesser extent, the Sundays River, but it is most abundant and causes the largest economic problems along the middle and lower Orange River (Palmer 1997) . Simulium chutteri is a large-river species endemic to southern Africa which, under favourable conditions, can become the most abundant blackfly species in this region with larval densities exceeding 500 000/m 2 (Palmer & De Moor 1998) . It is a multivoltine species with 11-13 generations per annum (Palmer, Edwardes & Nevill 1996) . Simulium chutteri occurs throughout the year although an increase in biting activity is usually experienced in spring and early summer (August to November) and autumn (April to May) (Jordaan & Van Ark 1990; Palmer, Edwardes & Nevill 1995b ) suggesting that it is adapted to moderate weather conditions.
History of blackfly control in South Africa
Attempts to control blackflies in South Africa started with the use of DDT in 1965. This was followed by water manipulation in the 1970s and 1980s, strategically timed to maximize the effect of inver-tebrate predators. Since the late 1980s the use of larvicides has been tested and developed into planned control programmes. These phases are described in more detail below:
Phase 1: DDT applications
Periodic blackfly outbreaks, especially following floods, were experienced along the Vaal River prior to 1940 (Howell & Holmes 1969) (De Moor 1986) . Since 1950 frequent blackfly outbreaks have been reported along the Vaal River (Howell & Holmes 1969; Nevill 1988) . Four species have been incriminated in the outbreaks: S. chutteri (Chutter 1968; Howell & Holmes 1969) , S. damnosum s.l., S. nigritarse (Steenkamp 1972) and S. adersi (Begemann 1980) . After a severe blackfly outbreak during 1963 in the Warrenton District (Chutter 1968; Howell & Holmes 1969 ) the first extensive studies were undertaken on the ecological requirements of local blackfly species (Chutter 1968) . These were followed in 1965 by the first attempts to control the pest using DDT which, at that time was described as "the perfect weapon for the perfect target" (Brown 1962 ).
Between 1965 and 1967 DDT was applied several times to the Vaal River from structures suspended above sluice gates or by fixed-wing aircraft (Howell & Holmes 1969) . The DDT applications resulted in the growth of benthic algae on rocks, which was attributed to the eradication of most invertebrates as a result of the low target specificity of DDT (Car & De Moor 1984) . Nevill (1988) noted that the algal mats had the benefit that they did not allow new generations of blackfly larvae to attach to affected rocks. Although high larval mortalities were obtained with DDT, rapid reinfestation was recorded following the disappearance of the algal mats (Howell & Holmes 1969) . The control programme was suspended in 1967 because of the environmental damage caused by DDT. After major floods in 1974, Begemann (1980) found blackfly larvae in great numbers in the Vaal River, indicating that the blackfly problem had not been solved.
Phase 2: Water-flow manipulation
The 1970s saw the spread of the blackfly problem along the Vaal River after the completion of the Bloemhof Dam in 1970 (Car 1983) . Moreover, during the period 1972 to 1978 the Gariep and Van der Kloof Dams were completed in the Orange River and this allowed S. chutteri to also develop to pest proportions in this river system (Nevill 1988; Jordaan & Van Ark 1990) . In 1975 the Orange Fish Tunnel, linking the Gariep Dam to the Great Fish River (Fig.  1) , was completed and reports indicated that S. chutteri also developed pest status in the Great Fish River during the years following the completion of the tunnel (Coetzee 1982; O'Keeffe 1985) .
These problems led to the second phase in the battle against blackflies, namely the use of water-flow manipulation. Water-flow manipulation is the process by which the water levels of rivers are artificially fluctuated to expose and desiccate the sessile blackfly pupae as well as forcing the larvae to move to undesirable sites where they are prone to starvation and predation (Howell, Begemann, Muir & Louw 1981) . Howell et al. (1981) started flowfluctuation trials in 1977 at the Vaalhartz Diversion Weir and found a drop in the numbers of immature blackflies for up to 30 km downstream of the weir. They followed this with trials in the Orange River during 1978 at the Van der Kloof Dam where water flow was interrupted for approximately 66 h. Here they reported similar successes. The authors recommended that cut-offs in water-flow be implemented twice annually, during May and August. They furthermore claimed that S. chutteri lost its pest status in sections of the river where regular water-flow fluctuations were implemented. Separate trials by Car (1983) confirmed that a reduction in the water level of the Orange River reduced the number of immature blackflies in the river. The greatest effect on larvae could be found during winter and he recommended a cut-off in water-flow during July/August when the majority of the population is in the larval stage.
Phase 3: Integrated water flow manipulation
During the same period De Moor (1982a; b) , working along the Vaal River, proposed a third method of blackfly control. This method involved an integrated approach where data on the life-cycle, population dynamics and microhabitat preferences of the six most abundant Simulium species, and their natural aquatic invertebrate predators, were used to determine the best time to carry out a series of river-flow cessations. Water-flow regulation was then applied to halt the build-up of populations and maintain S. chutteri at levels at which they could be controlled by natural predators. Although integrated water-flow manipulation can be regarded as the most cost-efficient and ecologically least disruptive of the available methods, De Moor & Car (1986) noted that the method is limited by the availability of impoundments upstream of Simulium breeding sites and is therefore impractical.
Furthermore, from the start of the 1980s there were major agricultural developments along the Orange River and the traditional crops were expanded to include winter crops such as wheat and peas. Nevill (1988) concluded that the need for additional irrigation water, as well as the release of water from the Gariep and Van der Kloof dams, for the generation of hydroelectricity, made the further use of strategically-timed water-flow manipulation impractical along the Orange River. Researchers also realized that the long distances over which water flow had to be manipulated made the sustainable use of this method unrealistic (Jordaan & Van Ark 1990) . Waterflow manipulation was therefore discarded as a control method along the Orange River.
Phase 4: Bti and temephos applications
Bti is an acronym for Bacillus thuringiensis Berliner var. israelensis de Barjac (serotype H-14) a naturally occurring bacterium that, on sporulation, produces protein crystals with larvicidal activity against filterfeeding Diptera such as mosquitoes and blackflies. The protein crystals are classified as a delta-endotoxin and must first be activated by the digestive proteases of the target organism to become a toxic substance. Once ingested the alkaline conditions of the stomach dissolve the crystal and release the delta-endotoxin. The toxin has an affinity for the stomach wall lining causing the cells to first swell then rupture. When enough stomach cells burst, the alkaline fluid of the midgut can enter the blood. This increases the alkalinity of the blood and results in a general paralysis and death. Blackfly larvae need to filter out sufficient spores for Bti to be effective. This larvicide therefore works best in clear water where there is no dilution of spores by silt particles or algae. Also because Bti is a biological product produced by a fermentation process, whereafter it must be formulated for use in water, it has so far been impossible to produce a very highly concentrated product.
During the 1980s Bti gained ground as a biological agent for the control of simuliids after studies by Undeen, Takaoka & Hansen (1981) and Lacey, Escaffre, Philippon, Sékétéli & Guillet (1982) indicated that this blackfly larvicide was effective in other parts of the world. Following these reports, Car & De Moor (1984) conducted trials during 1982 in the Vaal River and reported high larval blackfly mortalities. Laboratory and field trials by Car (1984) also showed that Bti was effective in controlling blackflies, but that its toxicity was considerably reduced in polluted rivers with a high sewage level and high chloride concentration. Subsequent trials in the Orange River during 1983 confirmed the efficacy of Bti against blackflies and its low toxicity to non-target organisms (De Moor & Car 1986 ).
The alternative to Bti was the organophosphate temephos ["Abate"-SA Cyanamid (Pty) Ltd], specially formulated for blackfly control as a 20 % suspension concentrate. This larvicide had proven to be very effective and environmentally acceptable in West African rivers during the onchocercosis control programme. Temephos can and is best used in rivers that have silt particles in suspension. The larvicide adsorbs to the silt particles that, in turn, are filtered out and concentrated in the midgut of the blackfly larvae, causing them to poison themselves. Due to its mode of action and the low dosage rate used, less temephos formulation is needed to produce the same effect as Bti. Also temephos can be applied to silt-laden rivers, which is often the case at high flow rates.
Large-scale trials to control blackflies breeding in the Orange River, using Bti and temephos larvicides, started in 1991 after a severe blackfly outbreak followed a flood in 1988 (Palmer 1997) . Fortunately, new, improved and more practical Bti formulations ["Teknar HP-D" (Registered trademark of Thermo Trilogy Corporation registered and marketed in South Africa by Wefco Marketing) and "Vectobac" (Valent BioSciences (Pty) Ltd)] had become available. Both Bti and temephos proved to be effective against S. chutteri larvae (Palmer 1995) and led to the establishment of an annual blackfly control programme along the Orange River (Palmer, Edwardes & Nevill 1996) . However, since each of the two larvicides has a different mode of action and different formulations, the river conditions under which they can be used also differ. The application of presently available formulations of Bti is restricted to rivers with relatively low flow rates less than 100 cubic metres per second (< 100 cumecs). Application is usually by helicopter, the Bti being sprayed 50 m to 100 m above rapids, in a zig-zag path across the river to allow dispersion before the Bti reaches the larvae attached to rocks in the rapids. In this way the larvae have a greater chance of filtering out a lethal dose of Bti spores. Temephos is the only larvicide which can be applied to the Orange River when flow rates are 300 cumecs and higher. Under these circumstances it is effective for up to 50 km downstream of the point of application. At such high flow rates it is applied from a vehicle moving slowly across a bridge or from a boat (Palmer, Edwardes & Nevill 1995a, b; 1996) .
Various studies on the impact of these two larvicides on non-target organisms showed that they were safe for use in the Orange River (Palmer 1993; Palmer & Palmer 1995) . At the same time trials were done to assess the downstream carry of these two larvicides (Palmer et al. 1995a ) and on the timing of larvicide applications (Palmer et al. 1995b) . Furthermore, methods were developed for rapidly assessing larval and pupal abundance before and after larvicide applications (Palmer 1994) . These trials lead to the development of larvicidal programmes in the Vaal and Orange Rivers. However, due to financial and logistical constraints, the Vaal River larvicidal programme was discontinued.
Currently the National Department of Agriculture implements the Orange River Blackfly Control Programme (ORBCP). Between two and 19 temephos and Bti applications are needed annually to control the pest (Palmer 1997; Myburgh 1999b) . Ideally the two larvicides should be used alternately to inhibit selection of resistant individuals, especially to temephos. However, in practice this is not always possible as at high flows, i.e. greater than 100 cumecs, Bti cannot be used due to the high dosage and costs involved. For a detailed review of the ORBCP see Palmer et al. (1996) , Palmer (1997; and Myburgh (1999b) .
BLACKFLY CONTROL PROGRAMMES ALONG THE VAAL, GREAT FISH, SUNDAYS AND GAMTOOS RIVERS Vaal River
Simulium chutteri is the predominant species although S. damnosum can also be a problem. Following the discontinuation of larviciding sections of the Vaal River, weekly water-flow interruptions were introduced in 1997 at Bloemhof Dam and Vaalharts Weir. This approach was very successful 1998a, b; 1999a) . For various reasons it has been difficult to develop an effective routine water-flow interruption programme at the Vaal Barrage, but this may still be possible. A major shortcoming of this approach is that water-flow cannot be interrupted when dams are full. An integrated water-flow/larvicide programme is needed for the Vaal River.
Great Fish River
The main pest species is S. chutteri, although S. damnosum, Simulium medusaeforme, S. nigritarse and Simulium mcmahoni have also been recorded. Blackfly breeding is mainly restricted to 33 rapids over a distance of 90 km. This river has a median flow of 3.5 to 4.6 cumecs. It is therefore feasible for local farmers, using hand-held sprayers, to apply larvicide across the entire width of the river. First control attempts started in 1984 using an early formulation of Bti, but were discontinued (Palmer 1997) .
Following the success of the ORBCP, the latest formulation of Bti was used in a renewed Fish River control programme. This got underway in 1993. In order to overcome the negative effect that the high silt load in this river has on the effect of the larvicide, the Bti is now applied at double the recommended dosage rate. The larvicide is supplied by the National Department of Agriculture 1998a, b; 1999a) .
Sundays River
The blackfly problem along the Sundays River also started when an additional and regular supply of water was received from the Orange River after 1977, via the Fish-Sundays Tunnel and canal (Palmer 1997) . The main species are S. adersi (lower river) and S. damnosum (upper river), while S. chutteri numbers are low. This is a small river with a median flow of only 2-3 cumecs. The main breeding is restricted to 26 rapids over 41 km, but in-stream vegetation creates additional breeding surfaces (Palmer 1997) . It is therefore possible for persons, in the affected sections, to monitor and treat the river themselves, if trained and supplied with Bti. Initial control efforts were made in 1995 by Sunlands Irrigation Board. In late 1997, Sundays River Citrus Cooperative took over the responsibility, the Bti being supplied by the National Department of Agriculture 1998a, b; 1999a) .
Gamtoos River
This is a small river with a median flow varying between 1.5 and 2.0 cumecs. No S. chutteri occur here, the main species being S. adersi and S. medusaeforme (Palmer 1997) . In 1995 the river was surveyed from the air for rapids which are the main breeding sites. Fifty-five rapids over a distance of 66 km were recorded but in-stream trailing vegetation increased the available surfaces for blackfly larvae to attach. Gamtoos Irrigation Board employees have been trained, and this Board has taken on the responsibility of controlling blackfly larvae in the river and in canals. The Bti is supplied by the National Department of Agriculture 1998a, b; 1999a) .
PRESENT AND FUTURE BLACKFLY RESEARCH
Although an effective blackfly control programme is in place along the middle and lower Orange River, major outbreaks still occur (Palmer 1997; Myburgh 1999a) . Some of these outbreaks can be attributed to human error (including unavailability of the helicopter and late ordering of larvicides), but a lack of information on several blackfly population dynamic factors makes planning of control actions difficult and inaccurate (Myburgh 2002) . For example, in the current planning of control actions, fundamental fitness traits such as fecundity, dispersal, feeding, survival and longevity are poorly understood, although studies elsewhere have shown that these are all important considerations in the planning of control actions (Colbo & Porter 1979; De Moor 1982b) . Due to the significance of these factors, the ARC-OVI, under contract to the Water Research Commission from 2000 to 2002, conducted a study to address some of the aspects believed to influence adult blackfly survival.
These studies showed that various physiological and ecological variables, such as body size, mass, lipid and glycogen levels, longevity, climatological factors (Myburgh 2002; 2003) and nectar availability (Myburgh, Bezuidenhout & Nevill 2002 ) affect the survival of adult blackflies. The results of this study can be used, to some extent, to explain the typical seasonal variation found in the annoyance levels exhibited by adult blackflies along the lower Orange River and therefore, outbreaks can be predicted with more accuracy and blackfly control programmes can be adjusted accordingly. Current research focuses on the development of methods to protect livestock from the attacks of adult blackflies. These studies include the use of insecticides and shelters. Another aspect requiring attention is that blackflies along the Orange River may have developed resistance to temephos so that larval control programmes are no longer as effective when this larvicide is used. If this is the case, a strategy to overcome the resistance problem should be developed and/or a new larvicide tested and registered for use in South Africa. Moreover, the reason why periodic outbreaks during the summer months occur along the lower Orange River, below Onseepkans (Fig.1) , is not known and this problem requires investigation.
In addition, the development of an effective control programme for the Vaal River blackfly problem needs to be developed as the control programme, developed for S. chutteri along the Orange River, is not entirely suitable for use along the Vaal River as the two river systems differ in certain respects. Some of the ways in which the Vaal River differs from the Orange River, are the following:
• Dams and other impoundments are more frequent along its course.
• It is not used for irrigation as extensively as the Orange River, and is then mostly via canals fed from weirs, e.g. Vaalharts scheme-therefore, the use of waterflow manipulation as a blackfly control option would be less disruptive to agriculture.
• It flows through a comparatively densely populated part of South Africa so there is a greater recreational demand on or near it.
• Because of its proximity to large cities the blackflies, which breed along its length, impact directly on associated human activities, e.g. conference venues or, indirectly, e.g. racing stableshuman activities with a high commercial value.
• Because the area through which it flows is less arid than that of the Lower Orange River, livestock production is more intensive and cattle are more important, especially dairy cattle-the immediate negative effect of blackfly attacks will be more apparent.
• Although S. chutteri is the dominant blackfly species, as it is along the Orange River, a second species, S. damnosum, may also occur in pest proportions. As its name implies S. damnosum also feeds on humans-therefore exacerbating the nuisance effect of blackflies.
• Simulium damnosum does not scatter eggs on the water surface, as does S. chutteri, but attaches them to surfaces below the water level. This suggests that methods to control each of the two blackfly species could differ.
• In recent years, the Lesotho Highlands Water Scheme has resulted in the regular supply of water, via the Liebenbergvlei River to the Vaal Dam, ensuring a more constant high flow of water in the Vaal River. This could favour the production of constantly high levels of blackflies and may create new breeding sites upstream of the Vaal Dam.
From the foregoing it is clear that for effective ongoing blackfly control to be achieved in the various river systems, continuous research to adjust and develop control programmes is essential.
